We outline an approach within time-dependent density functional theory that predicts x-ray spectra on an absolute scale. The approach rests on a recent formulation of the resonant-convergent first-order polarization propagator ͓P. Norman et al., J. Chem. Phys. 123, 194103 ͑2005͔͒ and corrects for the self-interaction energy of the core orbital. This polarization propagator approach makes it possible to directly calculate the x-ray absorption cross section at a particular frequency without explicitly addressing the excited-state spectrum. The self-interaction correction for the employed density functional accounts for an energy shift of the spectrum, and fully correlated absolute-scale x-ray spectra are thereby obtained based solely on optimization of the electronic ground state. The procedure is benchmarked against experimental spectra of a set of small organic molecules at the carbon, nitrogen, and oxygen K edges.
I. INTRODUCTION
X-ray spectroscopy constitutes a set of powerful experimental techniques to obtain insight to the nature of elementary excitations of molecules and condensed species. The recent revival of x-ray spectroscopy through the development of synchrotron radiation sources has brought about new implications and applications in molecular and material sciences regarding typical x-ray concepts such as element, positional, and polarization specificity, local bond and orientational probing, building block principles, and chemical shifts.
On the theoretical side several interrelated conceptual issues remain of concern, such as, for instance, the role of relaxation in the formation of x-ray spectra and the extent to which the x-ray spectrum relates to the ground-state species.
Since the x-ray spectra connect to core electron-excited states, the chemical and physical properties of which completely differ from those of the ground state ͑cf. the notion of equivalent core͒, these issues are of real concern for the main applicability of x-ray spectroscopy. The fundamental questions in this field thus refer to the role of the core hole in the formation of the spectral profile, and much efforts with socalled initial and final state rules, with simplifying models, and with large scale computations have been devoted to find out for which type of systems and for which type of processes relaxation is important or not. One has so found indications that relaxation in most cases is important for x-ray absorption, while, e.g., resonant inelastic x-ray scattering spectra of surface adsorbate species are best described by the frozen orbital approximation ͓1,2͔.
Time-dependent wave-packet techniques have indeed been extremely fruitful for studying fundamental processes associated to the nuclear dynamics of x-ray spectra ͓3͔, giving impetus to provide a similar picture for the electronic part of the problems. A starting point for an electronic timedependent formulation is Mahan's prediction of the edge singularities in x-ray spectra of metals ͓4͔ and to the discovery by Noziéres and De Dominicis ͓5͔ that the core hole problem is reduced, in a certain sense, to a one-electron problem in the Fermi liquid framework. Two distinct approaches have been used to numerically solve this equation for solids: the direct solution of the time-dependent Noziéres-De Dominicis ͑ND͒ equation ͓6͔ and the solution of the ND equation in an energy representation ͓7,8͔. Other theoretical methodolgies have been proposed and reviewed in Refs. ͓9-11͔. The ND theory, which contains an explicit treatment of the interaction with a core hole, admits a strict solution only near the threshold, while only numerical solutions are enabled in the whole spectral region. The evolution of the electronic subsystem ͑including also finite systems͒ in the whole time domain has continued to be an open question, and a theory based on such a strict solution of the ND equation was only recently developed and numerically implemented ͓1,2,12͔
As an alternative to the Mahan-Noziéres-De Dominicis formulation, fully time-dependent propagator approaches may be applied. Polarization propagator methods form a universal approach to determine spectroscopic properties in the optical and ultraviolet regions. A propagator-based formalism has several formal and practical advantages in that it explicitly optimizes the ground-state wave function ͑or density͒ only, it ensures orthogonality among states, it preserves gauge operator invariance, sum rules, and general size consistency, and it is applicable to all standard electronic structure methods ͑wave function and density based͒. It further-*agren@theochem.kth.se more gives much improved oscillator strengths and other spectroscopically related properties in comparison to statespecific methods. In our recent work on the use of polarization propagators in x-ray-absorption spectroscopy ͑XAS͒ ͓13,14͔, we demonstrated that it is indeed possible to construct an electronic polarization propagator which is applicable not only in the traditional optical region but also in the x-ray region. The difficulties described above were overcome by formulating a resonant-convergent first-order complex polarization propagator ͑CPP͒ ͓15,16͔, where the imaginary part of the molecular polarizability is included in the formalism, making it thereby possible to directly calculate the photoabsorption cross section at a particular frequency without explicitly addressing the excited-state spectrum. However, the use of standard exchange-correlation functionals in the time-dependent Kohn-Sham density-functional-theory ͑KS-DFT͒ approach was shown to be associated with a substantial absolute energy shift in the spectra. The reason for this discrepancy is the self-interaction error in standard functionals and, in comparison to valence spectroscopy, this error becomes much more significant in x-ray spectroscopy due to the large self-interaction errors associated with the core orbitals. In XAS, it may induce a shift of the full x-ray spectrum in the order of 10-20 eV depending on element and functional. In order to come to terms with this problem and to make a direct absolute scale prediction of x-ray spectra, we introduce here a procedure where we combine the resonant convergent polarization propagator spectrum with a self-interaction correction ͑SIC͒ of the core orbital energy as estimated in Ref. ͓17͔ . We demonstrate that with this correction, the propagator approach has the same qualities in x-ray spectroscopies as have been long shown in optical spectroscopies.
II. THEORY AND METHODOLOGY
Traditionally, the convenience in using x-ray spectroscopy can be traced to the localized nature of the core electron involved in an x-ray transition, which implies effective selection rules, valuable for mapping the local electron structure, and a chemical shift that carries conformational information. The core electron localization inflicts large relaxation of the valence electron cloud in a quasistationary excited state that is embedded in an electronic continuum. Most treatments of x-ray spectra including relaxation effects have focused on time-independent state-specific methods. However, the direct connections between the role of relaxation with relevant concepts like detuning, band filling, and channel interference and with processes for spectral formation that occur at different time scales-like relaxation time, decay time, measurement time, and duration time-are not easily obtained using common time-independent computational methods.
A. Absorption cross section
In the CPP method ͓13,14͔ we use the fact that, in the electric-dipole approximation, the cross section for linear absorption of radiation by a randomly oriented molecular sample is
where ␣ denotes the trace of the complex electric-dipole polarizability tensor. We note that the real part of ␣ corresponds to the refractive index of the sample. By introducing damping terms ␥ n that correspond to the inverse lifetimes ͑ n = ប / ␥ n ͒ of the exponentially decaying excited states of the system, a quantum mechanical expression for the molecular polarizability can be written as a sum over the excited states according to
where k is the electric-dipole operator along the molecular axis k. In approximate state electronic structure theory, the use of Eq. ͑2͒ has so far been very limited. Instead, in timedependent polarization propagator theory one adopts the infinite lifetime approximation ͑␥ n =0͒ and converts Eq. ͑2͒ into a matrix equation in which explicit reference to the excited states need not be made. The corresponding polarization propagator is real and resonant divergent. Absorption properties are given in terms of the eigenvectors of the electronic Hessian that are found by a bottom-up approach which means that one can address only the first few valence excited states. One pragmatic way to address high-lying excitations, such as core electron excitations, is to construct a limited Hessian based on a restricted set of electron excitation operators ͑restricted channel approach͒. However, such an approach will not be able to account for the electronic relaxation of the core-hole state and it will thus be quite inaccurate in general.
In recent work ͓13,14͔ we demonstrated that an extension of propagator methods that implements Eq. ͑2͒, as proposed by one of us ͓15,16͔, inherently provides the possibility to address relaxation effects for x-ray spectroscopy while maintaining other favorable features of a propagator theory. This indeed makes way for the long looked for "x-ray propagator." In this CPP approach, the polarizability is given by the solution to the response equation
where k ͓1͔ is the gradient of the dipole moment, E ͓2͔ is the electronic Hessian, and S ͓2͔ is the metric ͑overlap matrix͒. Here the absorption at a particular frequency can be computed at a constant computational cost and memory usage, no matter how many states are involved, and the eigenvectors of the electronic Hessian need not be determined. In this way the energy region of interest can be sampled with an energy spacing corresponding to the linewidths ␥ n . Since we make no approximations in the propagator ͑for a given electronic structure method͒, our approach has the potential to be exact for the electronic absorption and we stress that explicit reference is not made of the excited states.
B. Self-interaction correction of core orbital energies
When applied to a molecular system, the self-interaction correction to the total electronic energy in the KS-DFT approximation as proposed by Perdew and Zunger ͓18͔ reads as
where the summation runs over occupied spin orbitals i. The energy correction is to be added to the DFT energy to provide the total energy of the system: E = E DFT + ⌬E PZ . By taking the functional derivative of the energy correction in Eq. ͑4͒ with respect to the electron density of the ith orbital ͑with ␣ spin͒, we obtain the PZ-SIC potential as
where we have introduced the exchange-correlation potential V xc ͓ ␣ , ␤ ͔ corresponding to E xc . The case of a ␤ spin orbital is treated analogously. From this expression, we obtain a correction to the orbital energy as
͑6͒
For a one-electron system, the self-interaction error to the total energy is exactly compensated by the addition of the correction in Eq. ͑6͒. However, in a many-electron system, the total DFT exchange-correlation potential cannot be written as the sum of the exchange-correlation potential of a single electron and that of the remaining electrons. The difference is a potential term which represents the exchange contribution to the electron coupling and that can be considered as an improved correction for orbital i. In Ref. ͓17͔ we proposed to include this difference contribution in a pragmatic way to the SIC as follows:
where is an empirical parameter, which, as discussed in Sec. IV, will be chosen by a fitting of the estimated core ionization potentials ͑IPs͒ to the corresponding experimental values. The SIC to a core orbital energy is finally obtained by an integration of the potential according to
It is this energy shift that we will apply to the calculated pre-edge XAS spectra in the present work in order to provide theoretical results with the time-dependent KS-DFT approach that are reasonably accurate on an absolute energy scale.
III. COMPUTATIONAL DETAILS
We have calculated the near-edge x-ray-absorption finestructure ͑NEXAFS͒ spectra at the oxygen K edge for formamide, formic acid, methyl formate, and methanol as well as at the carbon K edge for pyrazine, pyrimidine, pyridazine, and C 2 N 2 ; see Fig. 1 for an illustration of molecular structures. The property calculations have been performed with a locally modified version of the DALTON program ͓19͔, which includes an implementation of the CPP approach ͓15,16͔ as well as an implementation of the Coulomb-attenuated exchange-correlation functional CAM-B3LYP ͓20͔ by Peach et al. ͓21͔ . The employed molecular structures, on the other hand, were optimized with the GAUSSIAN program ͓22͔ at the DFT level of theory with use of the hybrid Becke threeparameter Lee-Yang-Parr functional ͑B3LYP͒ ͓23-25͔ exchange-correlation functional and the augmented correlation consistent polarized valence triple-͑aug-cc-pvTZ͒ basis set.
All property calculations are obtained with full asymptotic correction of the Coulomb interaction in the exchange-correlation functional; the parameters of the functional are chosen as ␣ = 0.19, ␤ = 0.81, and = 0.33. In these calculations we have used the triply augmented correlation consistent polarized valence triple-basis set of Woon and Dunning ͓26͔. The NEXAFS spectra are determined with a lifetime broadening ␥ = 0.1 eV in Eq. ͑3͒.
IV. RESULTS AND DISCUSSION

A. Fitting of the parameter
The proposed SIC potential in Eq. ͑7͒ contains a semiempirical parameter denoted by . We determine an optimum value for this parameter by making a comparison between self-interaction-corrected orbital energies and experimental ionization potentals for the K shells of carbon, nitrogen, and oxygen in formamide, formic acid, methyl formate, and methanol. In Fig. 2 we show the difference in experimental ionization potentials and minus the self-interaction-corrected orbital energies for a range of values for the parameter. A common value of 0.90 for gives minimum discrepancy between experimental and theoretical results for the considered set of molecules. In Table I we show the results for = 0.90. The mean absolute error in the theoretical values for the IPs is reduced from 12.24 eV without SIC to 1.02 eV with SIC at hand. The standard deviation is 1.39 eV for the errors in our self-interaction-corrected IPs. The statistical measures indicate the accuracy we can expect for the absolute energies in our theoretical NEXAFS spectra. 
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B. X-ray absorption spectra
The molecules studied represent quite well the common fourfold pattern of NEXAFS spectra: a strong * resonance plus a weak Rydberg series in the discrete part and multielectron excitations superimposed on a shape resonance structure in the near-continuum part. These features are evidently scrambled by the chemical shifts of the symmetry inequivalent core sites. The occurrence of multiple * and * resonances is also apparent in some of the compounds ͑e.g., the aromatic compounds͒ but often one finds evidence for only one such resonance ͑ * and * ͒ per core site. As understood from the experimental comparison there is a significant amount of intensity ͑and structure͒ closely above the ionization threshold which is unaccounted for by the present calculations with a localized atomic orbital basis set that does not provide a correct representation of the electronic continuum. The CPP method as such is applicable also in this region, but it must be applied in conjunction with an appropriate plane wave basis set or a Stieltjes integral approach. In the present work, we therefore disregard the structure in the theoretical spectra above the ionization threshold. This part is also complicated by multiple excitations, something which is well proven for small species ͓27,28͔. For large-scale, lowsymmetry applications with a multitude of inequivalent atomic centers, it is important to attribute spectral peaks to individual atoms. This is straightforward to do also in the direct ground-state-based CPP approach from an analysis of the solution vectors to the complex response equations ͓Eq. ͑3͔͒ ͓13,14͔. Although such an analysis of complex spectra, with several small chemical shifts, is valuable, we restrict our analyis to the total spectra in the present report. We refer to previous papers for general assignments of NEXAFS spectra of organic molecules and of those particular ones used here to monitor the CPP approach.
The carbon and oxygen K-edge spectra of formamide, formic acid, methanol, and methyl formate are displayed in Fig.  3 , and the nitrogen K-edge spectra of formamide and pyridine are displayed in Fig. 4 . These spectra are directly calculated using the ground-state CPP method and then uniformly shifted by the SIC of the core orbital. There are large deviations between the core orbital energies from DFT calculation and the experimental values as seen in Table I . While the relaxation error associated with use of the Koopmans theorem in Hartree-Fock calculations always inflicts too large IPs, the opposite is true for the self-interaction error in Kohn-Sham calculations. For core orbitals the two discrepancies are of the same magnitude, something we rationalized in the previous paper on SIC corrections of core ionization potentials ͓17͔.
Obviously the SIC energy shift of the theoretical NEX-AFS spectra improves the agreement with experiment in terms of absolute energies. The SIC-corrected spectra tend in general to provide an onset at higher energies; see Fig. 3 . The discrepancies between theory and experiment for the absolute energy of the absorption peaks is generally below 2 eV, and there is a tendency for the theoretical transition energies to be somewhat too large.
We have also calculated the NEXAFS spectra of C 2 N 2 , pyrazine, pyridazine, and pyrimidine at the carbon K edge, but to the best of our knowledge, the corresponding experimental spectra have not been reported. The theoretical results are presented in Fig. 5 . Our calculations predict the positions of the main peaks in the carbon spectra to fall in between 286.5 eV and 287.5 eV, which is a bit lower than those measured for the set of formamide, formic acid, methanol, and methyl formate molecules. 
V. CONCLUDING REMARKS
We have evaluated the quality of NEXAFS spectra obtained with the complex polarization propagator method. The accuracy of the approach is determined solely by the treatment of electron correlation in the applied electronic structure method, and it thus potentially provides the exact electronic absorption spectrum at an arbitrary wavelength. In practice, however, we are limited to the use of an approximate electronic structure method and, with aim at mediumand large-scale systems, the realistic choice at present is the Kohn-Sham density functional theory approach with use of standard adiabatic exhange-correlation functionals.
The kernel in the complex polarization propagator method, formulated as a linear response equation, is solved in the same manner as in traditional time-dependent KohnSham theory with an identical computational scaling. It represents an electron-correlated treatment including relaxation effects of the full x-ray absorption spectrum and resembles thereby the level of treatment of optical spectra. It makes no distinction of correlation and relaxation effects, with the quality of the computed spectra associated only to the quality of the applied density functional. An error common to all functionals that becomes very visible for x-ray spectra is the orbital energy of core orbitals. As this error is inherited by the ground-state CPP approach, we propose here to apply a correction-a self-interaction correction-to the core orbital energy and use this for a uniform shift of the full NEXAFS spectra. In doing so we obtain a direct, absolute-scale approach to computationally assign x-ray spectra. The results of the study presented in this paper indicate that there are considerable merits with such an approach. Apart from the several formal advantages with propagator approaches compared to state-specific approaches, there are practical benefits that can significantly widen the scope of theoretical modeling of x-ray spectroscopies. The methodology is thus open ended toward extensions to general x-ray properties and spectra ͓30͔. Theoretical NEXAFS spectra at the C K edge. ͑a͒ Pyrazine, ͑b͒ pyrimidine, ͑c͒ pyridazine, and ͑d͒ N 2 C 2 . is the cross section.
